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Abstract—Suppression of magnetization and effective filament 
diameter (deff) with twisting was investigated for a series of recent 
Bi2212 strands manufactured by Oxford Superconducting 
Technologies. We measured magnetization as a function of field 
(out to 14 T), at 5.1 K, of twisted and non-twisted 37 x 18 double 
restack design strands. The samples were helical coils 5-6 mm in 
height and approximately 5 mm in diameter. The strand 
diameter was 0.8 mm. The magnetization of samples having twist 
pitches of 25.4, 12.7, and 6.35 mm were examined and compared 
to non-twisted samples of the same filament configuration. The 
critical state model was used to extract the 12 T deff from 
magnetization data for comparison. Twisting the samples 
reduced deff by a factor of 1.5 to 3.  The deff was shown to increase 
both with L and Lp. Mathematical expressions, based upon the 
anisotropic continuum model, were fit to the data, and a 
parameter, γ2, which quantifies the electrical connectivity 
perpendicular to the filament axis, was extracted. The bundle-to-
bundle connectivity along the radial axis was found to be 
approximately 0.2%. The deff was substantially reduced with Lp. 
In addition, the importance of understanding sample length 
dependence for quantitative measurements is discussed.  
 
Index Terms—Bi2212, magnetization, effective filament 
diameter, high temperature-superconductors, multifilamentary 
superconductors, superconducting filaments and wires.    
I. INTRODUCTION 
 i2212 round wire composite conductors are of great 
interest for future accelerator applications [1], including 
for dipole applications as well as muon accelerators. Bi2212 
competes with YBCO for these prospective high field 
applications, where in some cases field quality is important 
(e.g., dipoles and quadrupoles of future high field 
accelerators). In magnets where field quality is important, the 
magnetization of the strand itself is important, and is often 
discussed in terms of a filament diameter, or an effective 
filament diameter (deff), since the magnetization is proportional 
to deff [2]. NbTi strands have filament diameters of typically 
5 µm or so, and Nb3Sn, deffs are typically of order 60 µm. For 
NbTi, deff is just the filament diameter, whereas for Nb3Sn, deff 
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is typically the subelement diameter. For Bi2212, it has 
typically been the case that deff is the whole filamentary array 
diameter (the diameter of the strand, excluding the outer 
sheath), and since the strand ODs are typically 0.8 mm or so, 
this can lead to deffs of 500-600 µm. These large values of deff 
are caused by small filament-to-filament or bundle–to-bundle 
outgrowths which occur during the partial melt process heat 
treatment. These bridges may enhance transport Jc by 
providing a superconducting path around current limiting 
mechanisms such as pores and secondary phases [3], but they 
couple the filaments together and lead to a large deff [4]-[7]. 
One method to reduce the hysteresis loss, though not 
developed specifically to address bridging, is to twist the 
filaments during manufacture of the wire. Whereas twisting 
reduces eddy-current loss, it should also reduce the coupling 
due to bridging because, as the twist becomes tighter (i.e., as 
the twist pitch length decreases), the number of bridges within 
the twist pitch length decreases, reducing the amount of 
transverse current to below the total current which can flow 
down the length of the sample. Twisting has recently been 
applied to Bi2212 round wires [8-9], and has indeed been 
shown to lead to a reduction in AC loss compared to non-
twisted samples [8].    
Bridging induced magnetization in Nb3Sn conductors has 
been seen to depend on sample length (and twist pitch) up to a 
critical length, at which saturation occurs [10]. Thus, it is not 
strictly correct to describe the magnetization due to bridging in 
terms of deff unless the length dependence is taken into 
account. Expressions based on the anisotropic critical state 
(ACS) model which provide quantitative descriptions of 
bridging in ACS terms, and which account for the length (and 
twist pitch) dependence, were developed by Sumption [4]. 
Based on these expressions, bridging induced magnetization is 
expected to depend linearly on both twist pitch (Lp) and 
sample length (L) [4]-[7] for shorter Lp and L, with a 
saturation for large Lp or L.  
 In this work we measure the magnetization of Bi2212 
samples, both twisted and non-twisted. We first confirm the 
large suppression of magnetization and deff with the twisting of 
long non-twisted strands. We then look closer at the functional 
dependence of deff on Lp and also L, extracting a parameter, γ2, 
which describes the density of interfilamentary bridges. We 
can then predict deff and magnetization based on 2, Lp, and L.  
B 
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II. EXPERIMENTAL 
A. Samples 
The samples in this work were cut from a multifilamentary 
Bi2212 strand, which had a Ag-Mg alloy sheath, 
manufactured by Oxford Superconducting Technologies 
(OST) [11]-[12]. The strand was 0.813 mm in diameter with 
18 bundles, each consisting of 37 filaments (OST 0.8 mm 
37 x 18 wire). The bundle diameter was 130 µm, and the 
filament diameter was 15 µm. The strand was made available 
in four different segments, each with a different twist pitch, 
including values of 25.4 mm, 12.7 mm, and 6.35 mm. The 
fourth segment was not twisted (or infinite Lp). These 
segments, provided after reaction, were supplied in the form of 
four helical Bi2212 coils approximately 5 mm in diameter (to 
fit our PPMS). From these coils, segments were cut for 
measurement in our PPMS; the maximum coil segment length 
was 6 mm corresponding to about 5-6 turns. Ic (4.2 K, 12 T) 
and Jc (4.2 K, 12 T) were measured by OST on a 1 m barrel 
sample at 12 T, and the values were 130 A and 1050 A/mm
2
, 
respectively. Embedded in the OST-provided Jc is the OST 
determined fill factor (via λsc = Ic/AJc, where A is the cross-
sectional area of the strand), such that λsc = 0.246. Two 
different sets of measurements were performed: (i) samples of 
various Lp (where L > Lp), and (ii) non-twisted samples of 
various lengths (here and throughout L refers to the total 
strand length, not the length of the coil). The approximate 
sample length to twist pitch ratio (L/Lp) for the samples with 
Lps = 25.4 mm, 12.7 mm, and 6.35 mm was 3, 7, and 12, 
respectively. Nine different lengths were cut from the non-
twisted coil in order to study any length dependence of the 
magnetization. 
B. DC Magnetization Measurements 
DC magnetization measurements were performed using DC 
extraction magnetometry with the ACMS option of a Quantum 
Design Model 6000 PPMS. 5.1 K M – B loops were measured 
from -2 to 14 T. The magnetic field was applied to the open 
face of the coils and was ramped at 13 mT/s. 
III. RESULTS AND DISCUSSION 
A. 5.1 K M-B 
The 5.1 K M-B loops of both the twisted and non-twisted 
samples were obtained by normalizing the measured magnetic 
moments by the volume of Bi2212 in the samples. The results 
of the measurements on the twisted samples are shown in Fig. 
1 (along with the results of the measurements on the non-
twisted samples whose lengths most nearly match the lengths 
of the twisted samples). The magnetization of the twisted 
samples is clearly smaller than that of the non-twisted samples 
(for the same sample length), as we might generally expect, 
and as demonstrated recently in OST strands [8]. We also 
notice, however, that the magnetization of the non-twisted 
samples depends upon sample length. This is further explored 
in the results of the non-twisted sample measurements shown 
in Fig. 2. The functional form of both Lp and L dependence are 
of interest, and we explore this further below.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B. 12 T deff vs L or Lp 
   The height of the hysteresis loop (∆Msc) at 12 T and the 
transport Jc (4.2 K, 12 T), provided by OST, for a 1 m barrel 
sample made from the 37 x 18 filament design strand were 
used as inputs to the standard critical state expression for the 
Jc of a superconducting rod in a transverse magnetic field  
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to calculate deff at 12 T for all samples. The results are 
presented in Fig. 3, for all samples, as a function of sample 
length. The effective filamentary diameters of the twisted 
samples are substantially smaller than those of the non-twisted 
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Figure 1. M-B of twisted coil samples with different Lps plotted 
alongside M-Bs of non-twisted coil samples with similar L. The 
magnetization of the twisted samples is significantly reduced compared 
to the non-twisted samples. 
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Fig. 2. M-B of non-twisted coil samples with various lengths, L. The 
magnetization clearly depends upon L. 
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samples at any given sample length. The M-B loops presented 
in Fig. 1 for the coil samples with Lps = 6.35 mm, 12.7 mm, 
and 25.4 mm correspond to the points in Fig. 4 with deffs of 
156, 191, and 211 µm, respectively.  
As noted above, the magnetization also has a length 
dependence. In fact, the magnetization is linearly dependent 
upon sample length for the non-twisted set. When comparing 
twisted and non-twisted samples of similar length, the twisted 
sample has a greatly reduced deff and loss compared to the 
non-twisted sample, consistent with the recent results of Miao 
et al [8]. The linear dependence of sample magnetization on 
length was predicted by Sumption et al. [4]. In that work, a 
model was developed for Bi2212 magnetization, which 
predicts an initial linear dependence of magnetization (or deff) 
on sample length (of non-twisted samples), with a saturation at 
long sample lengths, where deff becomes the filamentary array 
diameter. A similar dependence of deff or magnetization on 
strand twist pitch was predicted, with again a saturation of deff 
to the filamentary array diameter. In that work, the strands had 
relatively high levels of bridging, and saturation occurred at 
quite small sample lengths, making deff suppression by strand 
twisting impractical. The present strands, however, have a 
slower approach to saturation, making twisting a practical 
approach for deff reduction, and implying a lower level of 
overall bridging. To further illustrate the functional 
dependence of deff and magnetization on both L and Lp, the 
12 T deff data for both the non-twisted and twisted coils are re-
plotted versus L or Lp, when applicable, in Fig. 4. Here we see 
an increase in deff with both L and Lp, as expected from [6]. 
We can in fact quantify the low level of bridging in the sample 
by fitting the data of Fig. 4 to the expressions from [6]. We 
have a much greater number of samples for the non-twisted 
samples because they could be cut from a single HT sample, 
whereas samples of different twist pitches require separate 
preparation for each pitch value investigated. Given that, we 
used the non-twisted sample curve for the fit. A linear curve 
was fitted to the non-twisted coil sample deff vs L data shown 
in Fig. 4. The slope of this curve is 2.19 µm/mm and the y-
intercept is 119 µm, which is close to the average bundle 
diameter of 130 µm determined using optical microscopy. The 
value of the y-intercept indicates that the filaments within the 
bundles are nearly completely coupled (there is dense bridging 
within the bundles, as expected). In samples of non-zero 
length, the low level of bridging between the bundles allows 
some bundle to bundle coupling. As the number of bridges per 
unit length is fixed, as the sample length increases, there is a 
linear increase in the total number of bridges which can carry 
supercurrent through the gap between the bundles, allowing 
more transverse current flow and therefore increasing the 
magnetization. The data in Fig. 4 show that the bundles are not 
completely coupled even for samples up to 92 mm in length, 
as the deff at this length is 306 µm, which is significantly less 
than the diameter of the entire filamentary array.  
 As can be seen in Fig. 4 deff is a function of both L and Lp. 
From [4] we expect these dependences to be linear. However, 
the dependence is not exactly the same – a different pre-factor 
is expected. One reason for this is that the twisted sample has 
both filamentary Jc and bridging Jc components rotated around 
the strand by 90° before they are returned across the bridges. 
C. Transverse connectivity: extraction of γ2 
The transverse connectivity can be extracted from 
magnetization measurements. As described in [4] the 
expression for the incremental magnetization, due to filament 
bridging, as a function of sample length (or twist pitch length) 
in the strong coupling (that is, the long sample limit) case is 
given by  
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Fig. 4. Dependence of 12 T deff on sample length or twist pitch length. 
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Fig. 3. 12 T deff vs sample length for twisted and non-twisted samples. 
deff of the twisted samples is clearly smaller than that of the 
corresponding non-twisted sample. 
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where γ1 is a measure of the connectivity along the length of 
the sample, JcI,1 is the intrinsic critical current density along 
the length of the sample (normalized to filamentary area), deff 
is the effective filamentary diameter, L is the sample length 
and βc ≡Jc1/Jc2 = γ1JcI,1/γ2JcI,2, (where Jc1 is the critical current 
density along the length of the sample and Jc2 is the transverse 
critical current density). For the short sample limit, the 
modified expression is given by 
   
2 ,2 4
1
2 3
cI
s
c eff
J L L
M
d


 
    
 
,                       (3)                         
where γ2 is a measure of the connectivity across the sample 
and JcI,2 is the intrinsic critical current density across the 
sample (normalized to filamentary area). 
   At the critical length, Lcrit, which is the length at which the 
magnetization just saturates, the two above equations can be 
set equal. In fact, if we wish to only extract the initial slope of 
(3), we can simply equate the first terms of each, obtaining  
  
1 ,1 2 ,2
4
3 2
cI eff cI crit
J d J L 

                                         (4) 
To use this equation as is, it is necessary to make some 
assumptions. If we make the assumptions that the current 
density is isotropic (i.e., JcI,1 = JcI,2) and the sample has a 
uniform Jc along its length (i.e., it is fully connected along its 
length and γ1 = 1), we can extract the transverse electrical 
connectivity, γ2. We get 
   2
4 2
3
eff
crit
d
L


 .                           (5) 
In fact, if we assume that the deff vs L plot is linear until it 
reaches saturation, this expression is simply the slope of the 
linear (and below saturation) region of the plot. If we 
substitute the slope of 2.19 x 10
-3
, for deff/L, we get 2 = 
1.86 x 10
-3
. That is, about 0.2% of the area between the 
bundles should be spanned by bridges. 
If we rearrange (1) to get an expression for ∆Ms and then 
substitute this expression into (2), we can use the first (linear) 
part of (2) to get an estimate for the transverse electrical 
connectivity. However, we note that (2)-(3) are expressions 
for the incremental magnetization with L, and do not represent 
the total magnetization of the sample. That is, they do not take 
into account the offset magnetization coming from the 
magnetization of the filaments themselves. In fact, Fig. 4 
shows that there is an offset (y-intercept) of 119 µm, which is 
significantly larger (~8 times) than the green state filamentary 
diameters, and indicates that the filaments start out coupled to 
approximately this length scale (i.e., the subelements are 
coupled within themselves).  To obtain an expression for the 
total magnetization, including the magnetization of the 
(coupled) filaments themselves, (2)-(3) should be modified by 
adding on the offset term. If we do this when we substitute (1) 
into (2) as outlined above, the expression becomes  
2 ,2
4 4
3 2 3
eff c cI bundle c
d J J L d J
 
  .                               (6) 
where dbundle (= 119 µm, in this case) is the diameter of 
subelement bundles (i.e., dsubelement). To extract γ2 from this 
expression, we must assume that the critical current density 
down the length of the filament equals the intrinsic transverse 
critical current density (i.e., Jc = JcI,2). Now, rearranging and 
solving for γ2 gives  
   2
8( )
3
eff bundled d
L



 .                                                     (7)                   
Table I gives the results of using this expression to calculate γ2 
for all of the non-twisted sample lengths. 
Table I. γ2 extracted using linear part of equation 3. 
Length (mm) deff (µm) γ2 (x10
-3
)
 
92 307 1.74 
76 295 1.96 
62 264 2.00 
56 245 1.89 
39 208 1.95 
31 178 1.60 
31 191 1.98 
24 176 1.98 
15 146 1.52 
 
   In Table 1, we show the extracted γ2 for non-twisted samples 
of different length. If the assumptions we used to extract γ2 are 
correct, it represents the fraction of the longitudinal cross-
sectional area of the strand which contains bridges. This 
should be an intrinsic property of the strand and should not 
depend on the sample length. 
IV. CONCLUSION 
In this work we measured the suppression of magnetization 
and deff with twisting for an OST manufactured 0.8 mm 
37 x 18 Bi2212 strand. Magnetization and deff values were 
suppressed by factors of 1.5-3, making deff and magnetization 
1.5-3 times smaller for twisted samples as compared to non-
twisted samples. This effect was further systemized and 
quantified by looking at the dependence of deff on Lp, and also 
the dependence of deff on L. A model was applied which 
described the linear dependence on both L and Lp, and 
extracted a value for the connectivity parameter  2; a value of 
only 0.2% was found between the subelements. We conclude 
that (1) loss, magnetization, and deff are suppressed by sample 
twisting, (2) it is possible to quantify this effect by a parameter 
2, and (3) it is important to have long samples (L >> Lp, and 
also L > Lcrit) to obtain results most relevant to application. 
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